Soot formation in a lifted C 2 H 4 -Air turbulent diffusion flame is studied using two different paths for soot nucleation and oxidation; by a 2D axisymmetric RANS simulation using ANSYS FLUENT 15.0. The turbulence-chemistry interactions are modeled using two different approaches: steady laminar flamelet approach and flamelet-generated manifold. Chemical mechanism is represented by POLIMI to study the effect of species concentration on soot formation. P1 approximation is employed to approximate the radiative transfer equation into truncated series expansion in spherical harmonics while the weighted sum of gray gases is invoked to model the absorption coefficient while the soot model accounts for nucleation, coagulation, surface growth, and oxidation. The first route for nucleation considers acetylene concentration as a linear function of soot nucleation rate, whereas the second route considers two and three ring aromatic species as function of nucleation rate. Equilibrium-based and instantaneous approach has been used to estimate the OH concentration for soot oxidation. Lee and Fenimore-Jones soot oxidation models are studied to shed light on the effect of OH on soot oxidation. Moreover, the soot-radiation interactions are also included in terms of absorption coefficient of soot. Furthermore, the soot-turbulence interactions have been invoked using a temperature/mixture fraction-based single variable PDF. Both the turbulence-chemistry interaction models are able to accurately predict the flame liftoff height, and for accurate prediction of flame length, radiative heat loss should be accounted in an accurate way. The soot-turbulence interactions are found sensitive to the PDF used in present study.
Introduction
Since the beginning of human history, combustion has a significant role in our daily life. Modern society is heavily dependent on the transformation of chemical energy in fossil fuels to thermal energy by combustion process. However, generation of pollutants such as nitrogen oxides (NO x ) and soot results in adverse effect on human health. It also results in change in global environmental pattern due to greenhouse effects. The design of gas turbine and reciprocating engines are to be made more efficient and low in pollutant emissions. 1, 2 Combustion is a complex phenomenon and generally involves complex chemical reactions along with heat and mass transfer. Turbulent combustion involves complex interactions between turbulent transports, kinetic rate of reactions, radiative heat transfer. Combustion simulations require representation of chemical reactions by detailed mechanisms to resolve the phenomenon such as extinction and ignition, emissions like NO x , CO and soot. 3 Accurate inclusion of radiative heat transfer is also important; as its fourth power dependence on temperature makes it a dominant mode for heat transfer and effects NOx emissions through mechanism of thermal NO. The incomplete combustion of hydrocarbons results in the formation of condensed carbon particles known as soot and an indicator of poor fuel utilization. In diffusion flames, soot formation occurs in the fuel rich side due to low concentration of oxidizer species.
The soot evolution process has been reviewed by Haynes and Wagner, 4 Bockhorn, 5 Kennedy 6 and has been classified into four major sub processes that includes the formation and conglomeration of polycyclic aromatic hydrocarbons (PAH) (particle inception or nucleation), surface reaction of particles, coagulation and oxidation of particles. The formation of particle like structure by coagulation of PAH is known as soot particle inception or nucleation. Chemistry of combustion and soot particle dynamics are linked by soot particle inception, it controls the number of soot particles emerging from flames. Three different precursors are proposed to act as the pathway of inception: polyacetylenes, ionic species and PAHs. Numerous experimental and modeling studies have concluded PAH as the principal precursor. These first ring aromatics grow by H-Abstraction-Carbon-Addition (HACA) mechanism to form large PAHs. The growth of these particles is limited by oxidation of aromatic species. Oxygen plays a dual role, carbon mass is reduced by oxidation limiting growth and H-radical formation required for HACA is promoted. The number of particles formed depends on the balance of formation and oxidation. Surface growth is similar to nucleation but is a heterogeneous process and complicates modeling. Majority of soot mass is accumulated by soot surface growth. The surface growth of particles is still uncertain, in general acetylene is considered as the principal reactant at the surface of gas phase species. Frenklach et al. 7 and Harris et al. 8 described the effect of acetylene on growth. They have parameterized surface growth as function of acetylene concentration and density of active area of soot surface. Coagulation is the process of collision between initial soot particles to form larger particles and occurs along with surface growth. Particle coagulation only changes the soot particle size distribution. Soot oxidation converts solid soot particles into gas phase species, acts as a counterbalance of surface growth. Surface reactions with molecular oxygen and OH radial lead in the formation of CO and CO 2 . Oxidation due to OH is less rigorous than molecular oxygen as OH exists in super equilibrium concentrations.
Parameters that control soot yield can be identified by accurate prediction of soot formation and oxidation can save time and cost in design practical systems. Because of low molecular diffusivity, soot transport is governed by convection and gradient of temperature. The transport of soot results in a two-way coupling between concentration of species, temperature and soot. The complex formation process of soot results in large time scales, longer than heat release rate in flames. Thus, soot cannot be decoupled from the flow field. The temperature field is effect by through radiation and concentration of gaseous species is effected by the formation of intermediate products. The effect of detailed chemical mechanisms and radiative heat transfer models on soot and incorporation of different turbulence-chemistry interaction models is a subject of research. The complex interactions of soot with turbulence, chemistry and particle dynamics complicates modeling. Models with varying degree of sophistication were used in practical systems 6 for predicting soot formation rate.
Empirical or semi-empirical soot models were applied for most of the studies. Brookes and Moss 9 and Kronenburg et al. 10 have modeled soot formation in a methane/air flame using an extended flamelet and conditional moment closure approach, respectively. The soot predictions were in reasonable agreement with the experimental measurements. A unsteady Lagrangian flamelet model was used by Pitsch et al. 11 to model soot formation in an ethylene flame. Detailed chemical kinetics was augmented to describe the first aromatic species and evolution of soot was incorporated using the method of moment approach. The soot predictions were in good agreement with the experimental data and improved with the consideration of differential diffusion, the model could not be applied to complicated geometries as the computation were restricted by the unsteady Lagrangian flamelet model. A laminar flamelet model was used by Ma et al. 12 to model soot formation in two ethylene/air flames. Soot formation was modeled using a two equation model of Moss. 13 The work focused on the implementation of naphthalene-based soot inception route and effect of soot surface area on growth rate. They have observed that naphthalene approach improved soot predictions and uncertainties reduced with the consideration of growth as a function of square root of surface area. A sectional approach was used by Kohler et al.
14 to model soot formation in a unconfined C 2 H 4 /air jet flame, the turbulent-chemistry interactions were implemented by a multivariate assumed PDF. The model was able to capture the magnitude of maximum soot volume fraction but discrepancy was observed in the location and shape. The discrepancies were attributed to the turbulence model. The objective of the present study is (a) to study the effect of different turbulencechemistry interaction approaches and radiation modeling approaches on flow field; (b) to study the effect of different soot inception routes and oxidation approaches on soot volume fraction predictions; and (c) to study the effect of different soot-turbulence interaction approaches on soot evolution process. The comparison of flow field predictions with experimental data clearly elucidates the effect of turbulence-chemistry interactions and radiation on temperature and soot evolution. The study also examines the ability of an empirical approach for prediction of OH radical concentration and its effect soot volume fraction.
Numerical methods
The numerical approach using for solving the turbulence-chemistry interactions, radiation modeling and the soot model are described in the following section.
Turbulence-chemistry interactions
The fuel and oxidizer can be considered as partially premixed at the base, for a lifted turbulent diffusion flame. The rich and lean regions of the flame can be separated by the surface of instantaneous stoichiometric mixture fraction. The burnt and unburnt gases can be separated by an instantaneous flame front when the mixture of fuel and oxidizer are inhomogeneous and fluctuating. Thus, a partially premixed approach is used for this purpose. The position of flame front is determined by solving transport equation for the mean reaction progress variable. The mean mixture fraction and mixture fraction variance transport equations are solved in the flow field. Two approaches were used to describe the turbulence-chemistry interactions and explained in detailed below.
Steady laminar flamelet approach. The turbulent flame is represented as an ensemble of one dimensional laminar structures in laminar flamelet model. 15 The iso-surface of the mixture fraction is used to prescribe the flame surface within the turbulent flow field. The transport equations of the mean mixture fraction and variance are given as:
where t , C g , and C d are 0.85, 2.86, and 2.0, respectively. The premixed combustion is described by the C-equation approach; the scalar represents the progress of reaction. In a turbulent flow field, the temporal and spatial evolution of reaction is described by a transport equation of C as given in equation (3) . C varies between zero and one within the flame, zero for the unburnt reactants and one for the burnt reactants.
The progress variable is defined as equation (4).
The mean reaction rate is modeled as equation (5).
The flame front convolution is defined by the flame surface density P . 16 The flame surface is approach considers the laminar flame thickness to be larger than the Kolmogorov eddies, the internal laminar flow is not distorted and turbulence only wrinkles the flame sheet. The transport equation for flame surface area 17 is given as equation (6) .
where P is the flame surface area density, the source term due to turbulence interaction is given by P 1 , the source term due to dilatation in the flame is given by P 2 , 18 the source term due to expansion of burned gases is given by P 3 , the source term due to normal propagation is given by P 4 , 18 and D is the flame area dissipation. The source terms are closed as shown in Table 1 . " c calculated fromc as given in equation (7) . 18 ).
cÞ wherec is favre averaged progress variable. The turbulent time scale as is given as equation (8).
where K is the turbulent kinetic energy, " is the turbulent dissipation, and À k intermediate turbulent net flame stretch (ITNFS). À k is given by equation (9) .
where S is defined as equation (10).
where 0 l is the laminar flame thickness and is modeled as equation (11) 
The averaged species mass fraction and temperature for a turbulent flame can be determined as equation (12) .
The non-adiabatic steady flamelets for burnt reactants have an extra dimension of mean enthalpy for temperature and mean density. In the presumed PDF of equation (12), f and are assumed to be statistically independent and the PDF pð f, Þ can be assumed as p f ð f Þ p ðÞ. A b-PDF is assumed for p f ð f Þ and double delta PDF is assumed for p ðÞ.
Flamelet-generated manifold (FGM) approach. In FGM 19 model, a turbulent flames scalar evolution is estimated from the scalar evolution in a laminar flame. A diffusion FGM is used in the present study, they are constructed by converting the steady laminar flamelets species fields to progress variablec. With the increase in strain rate, the chemistry of flamelets departs from equilibrium and progress variable decrease from unity to extinction,c extinction . Instead of the C-equation, a transport equation in terms of un-normalized progress variable (equation (13)) is solved as closure for FGM.
where " S c is modeled from the finite rate kinetic rate as equation (14) . is determined from the flamelet library.
The thermochemical properties are determined as equation (15) .
Radiation modeling
In the present work, the medium is considered to be optically thick and the radiative heat transfer equation has been assumed as a truncated series expansion in spherical harmonics (P1 approximation) 20 given by equation (16) .
where the right side of equation (16) is the source of radiative heat added to energy equation. The absorption coefficient of the product gasses and soot is given as K av . In the present work, the absorptive coefficient is modeled by the weighted sum of gray gases (WSGG) model. The non-gray medium of is represented by four fictions gases and details of the approach can be found in Rakesh et al. 21 The effect on radiative heat transfer by soot formation is included by the absorption coefficient of soot and given as equation (17) .
The absorption coefficient due to soot particulates is given as:
where b 1 ¼ 1232.4m 2 /kg and b T ¼ 4.8 Â 10 À4 K À1 are given by Taylor et al. 22 and Smith et al. 23 
Soot modeling
In the present work, two transport equations in terms of volume fraction of soot and concentration of nuclei are used to describe the evolution of soot.
where N is the number density of soot particle and M is the soot mass density; as defined by Brookes and Moss 13 model to predict soot formation in turbulent diffusion flames. The source terms of instantaneous soot particles and net set productions are given equations (21) and (22), respectively.
In the present study, two models are used to study the effect of inception rate on soot formation. In the first approach, the soot precursor was consider as a linear function of acetylene concentration as given in equation (21) . In the second, the soot precursor was considered as a function of two and three ringed aromatic species, given in equation (23) 
The default parameters were used in the present study and can be found in Hall et al. 1 and Brookes and Moss. 13 The mass fraction of soot precursor has been calculated as function of mixture fraction. Two approaches were used to describe soot oxidation phenomenon, Lee model considered both OH and O 2 24 ,25
and Fenimore-Jones considers only OH radical 25 for oxidation of soot. The effect of rate of oxidation on net soot production was studied based on collisional efficiency parameter and surface kinetics.
OH radical concentration determination. In the present study, two approaches were used to determine the OH radical concentration. In the first approach, the OH radical concentration is determined, as given in equations (24) 26,27 and concentration of O radical is determined by equation (25), 28 known as the equilibrium approach.
In the second approach, the OH radical concentration is determined from the combustion model.
Soot-turbulence interactions. The effect of turbulence on soot is included by a single variable PDF in terms of temperature or mixture fraction to describe the effect of temporal fluctuations on net soot production.
where x is instantaneous temperature or mixture fraction. The solution of soot transport is used to obtain
the mean value of independent variables required for constructing the PDF.
Description of test case
A C 2 H 4 -air lifted diffusion flame is considered in the present study. The details of the burner are provided by Kohler et al. 29, 30 The fuel jet has a diameter of 2 mm and the outer diameter of the pipe is 6 mm. The diameter of the coflow is 140 mm, the global equivalence ratio is 0.48. The schematic of the burner is shown in Figure 1(a) . The soot measurements for the present burner were performed by Kohler et al. 14, 30 For the present computational work, an axisymmetric 2D grid has been used. Figure 1(b) shows the computational domain. Initially, three grids such as 720 Â 220, 360 Â 110, and 180 Â 55 points are used to study the grid independence and Figure 2 shows the predictions using three different grids. As the variation of axial velocity with the first two grids is negligible, the third grid is unable to capture the flame lift-off properly and results in the over prediction of velocity in the axial direction. That's why the rest of the computations have been performed using the second grid (360 Â 110). The experimental boundary conditions are shown in Table 1 , a fully developed turbulent profile was given as inlet condition for velocity, turbulent kinetic energy, and turbulent dissipation. The inlet velocity profiles are slightly adjusted iteratively to match the experimental flow rates.
In the present work, ANSYS FLUENT 15.0 31 is used for all the calculations, the non-gray radiative transfer model is incorporated using an user defined function (UDF).
The turbulence-chemistry interactions are modeled using steady laminar flamelet approach (SF) and FGM. The flame thickness using ITNFS treatment is calculated to be 0.00026 for SLF model. Chemistry has been represented by a detailed POLIMI mechanism containing 82 species and 1450 reactions. 32 The absorption coefficient of the non-gray medium is calculated by the WSGG method, considering four fictitious gases and the weight functions are calculated from Smiths tables 23 as a function of H 2 O and CO 2 partial pressures. The pressure-velocity coupling is done using the 
Results and discussion
In this section, the flow field computations with SLF and FGM approaches are presented and compared with experimental measurements. The effect of turbulencechemistry interactions and radiative heat transfer on the flame lift off height and length are studied. Then, the soot predictions with different inception and oxidation approaches are presented and compared with the experimental measurements; followed by a qualitative study of the soot source terms. The effect of different soot-turbulence approaches on evolution of soot has been comprehensively studied.
Velocity and scalar fields
The contour plot of predicted mean axial velocity is shown in Figure 3 using C e1 ¼ 1.6 and C e2 ¼ 1.92.
The shape and magnitude of the computes results are in good agreement with the experimental measurement. The SLF model exhibits slight broadening of velocity profile after flame ignition, this has discussed in the subsequent section. In Figure 4 , the computed and experimental radial profiles of mean axial velocity are presented. The turbulence model constants of k-e model are modified to study the influence on jet spreading. The computations have been performed using standard (C e1 ¼ 1.44 and C e2 ¼ 1.92), modified 1 (C e1 ¼ 1.6 and C e2 ¼ 1.92) and modified 2 (C e1 ¼ 1.44 and C e2 ¼ 2.0) constants. The SLF model over predicts centerline velocity near the burner, this can be attributed to the over prediction of mean temperature. Both the SLF and FGM model predictions indicate over prediction of jet width, this can be ascribed to the over prediction of turbulent kinetic energy by the turbulence model. The excessive spreading of the jet by standard k-e model is confirmed by Figure 4 , the central jet decelerates rapidly compared with experimental measurements due to prediction of excessive eddy viscosity. This leads to under prediction of mean axial velocity in the downstream direction. Adjusting the C e1 from 1.44 to 1.6 has improved the spreading rate prediction. Modifying the C e2 from 1.92 to 2.0 has resulted in further increase of over prediction of spreading rate and under prediction of mean axial velocity near the burner. The inability of the model in accurately predicting the spreading rate may be attributed to the round-jet anomaly, which is quite well known and has been reported in plenty of literatures. 33 The modified k-e model (C e1 ¼ 1.6 and C e2 ¼ 1.92) is able to capture the axial velocity profiles reasonably well in comparison with the experimental measurements and has been used for the rest of the computations. Kohler et al. 14 have observed an under prediction close to the centerline of the burner, which was possibly due to the usage of bulk velocity as velocity inlet instead of a turbulent profile, and there results tend to improve along the downstream directions. Considering the experimental uncertainties, the predictions can be considered to be in good agreement with the experimental data. The velocity profiles are not effect by the non-gray radiation approach. Figure 5 shows the contour of calculated mean temperature. The liftoff height is calculated based on the gradient of temperature along the radial direction. Notably, the lift-off height is observed to be 25 mm for SLF model, while it is 24 mm for FGM model. Both the models are able to accurately capture the experimental lift off height of 26 mm, 30 indicating the ability of these models to capture turbulence-chemistry interactions accurately. The non-gray radiation approach does not significantly affect the liftoff height. The radial profiles of mean temperature are presented in Figure 6 . Figure 6 indicates an over prediction in the centerline temperature near the burner by SLF model and improves along the downstream direction. The SLF model neglects local flame extinction, leading to over prediction of flame temperature near the burner; this has resulted in the over prediction of velocity about the centerline near the burner inlet. For the present study, burning flamelets are only used, this doesn't capture the local flame extinction and as the flamelet model neglects the curvature effects on the flame structure, this results in a sudden change in scalar dissipation resulting in rapid rise in temperature near the regions of ignition. The over prediction in temperature also results in excessive thermal expansion, as observed in Figure 3(b) . The FGM model has been able to accurately predict the centerline temperature. Both the models indicate over prediction of flame width as already mentioned; predicted temperature profiles rise slower compared with the experimental data. The non-gray radiation approach does not indicate significant effect on temperature near the burner inlet, the effect of radiation increases along the downstream direction. The computed and experimental fuel distributions are compared in Figure 7 , in the region before to combustion. The experimental data indicate a decrease in fuel fraction at $7 mm, the computed fuel fraction with both SLF and FGM indicate a decrease at $17 mm about the centerline. The over prediction can be attribute to the inability of turbulence model in capturing the spreading rate. The observations are similar to that of Kohler et al. 14 The radial and axial profiles of fuel fraction are shown in Figure 8 . At X ¼ 5 mm, the magnitude and shape are in good agreement with the experimental data. At X ¼ 15 mm, the magnitude of fuel fraction is over predicted indicating under prediction of turbulent shear stress and acceleration of central jet. The over prediction reduces along the downstream, as observed at X ¼ 20 mm. A similar comment can be made on the central line profile, it tends to improve in the downstream direction due to increase in turbulent shear stress. The contours of predicted and experimental OH concentration are presented in Figure 9 . Similar to Kohler et al., 14 the experimental OH concentration is normalized to 2500 ppm for easier comparison with predicted data.
The prediction with SLF model indicates a slight over prediction in magnitude of OH concentration and increase in periphery distribution compared with experimental data. The prediction with FGM indicate a slight under prediction in terms of magnitude and a similar comment can be made for the distribution of the OH concentration in the radial direction as in case of SLF model. Figure 10 displays the radials profiles of OH concentration. The SLF model indicates slight under predictions at x ¼ 25 mm, the predictions improve along the downstream direction and indicate slight over prediction at x ¼ 100 mm. OH concentration at x ¼ 25 mm was considerable under predicted by FGM model and the under prediction continued in the downstream direction, with a broader profile than the experimental prediction. The disparities in OH radical prediction by SLF and FGM model can be attributed to the over prediction of scalar dissipation and slower finite rate kinetics, respectively. The location of radial maximum was accurately captured by both the models. 
Soot predictions
The axial profile of soot volume fraction using different inception, oxidation and turbulence-chemistry interaction effects are shown in Figure 11 . From Figure 11 (a) and (b), it can inferred that soot volume fraction using Moss-Brookes and Moss-Brookes-Hall approaches increases by a factor of $2 for the SLF model and decrease by a factor of $8 with the FGM model. The decrease in soot with FGM model can be attributed to the models inability in accurately predicting the concentration of two and three ring aromatics. It can be deduced that there is considerable increase in soot volume fraction with the two-three ringed aromatic inception route when compared with that of acetylene-based route for the SLF model. The MossBrookes and Moss-Brookes-Hall approaches indicate decrease in soot volume fraction by a factor of $1.5 with the instantaneous OH approach, indicating that equilibrium approach is under predicting the OH concentration. The location of maximum soot volume fraction occurs downstream by $50 D when compared with experimental data, this can be ascribed to the over prediction of flame length. Figure 11 Soot nucleation: The soot source terms axial profiles are presented in Figure 12 . It can be inferred that soot nucleation occurs at lower mixture fraction for the acetylene-based inception route and occurs at a higher mixture fraction with the two-three ringed aromatic-based route (Moss-Brookes-Hall model), for the FGM, the maximum nucleation occurs at $0.27 in the mixture fraction space. The magnitude also increases by a factor of 1000 with first aromatic-based approach. The SLF and FGM models do not indicate considerable effect on nucleation with acetylene-based route. The nucleation with two-three ringed aromatic-based approach is relatively wider in the mixture space with SLF model than that of FGM model, resulting in the substantial under prediction in soot volume fraction. The narrow band in mixture fraction space with FGM model is due to the inability of the model in accurately estimating the mass fractions of higher order hydrocarbons. From Figure 12 , it can be observed that different oxidation and OH concentration approaches have not significantly effected nucleation, the net effect of oxidation on nucleation is observed to be negligible.
Soot surface growth: Surface growth increases in magnitude and widens with two-three ringed aromatic approach for the SLF model. For the FGM model, surface growth decreases with Moss-Brookes-Hall model, this can be attributed to the lack of active sites of higher order actives required for the heterogeneous reactions. Furthermore, it can also be observed that for the FGM model and OH instantaneous approach significantly reduction in soot surface growth, this is due to the under prediction of active sites for heterogeneous reactions. The slight decrease due to OH instantaneous approach is due to over prediction of oxidizer species. The oxidation scaling parameter is 0.015 and 1; the collision efficiency is 0.13 and 0.04 for the Lee and Fenimore-Jones models, respectively. The decrease in surface growth with Fenimore-Jones model is due to the high oxidation scaling parameter compared with Lee, the high collision efficiency of Lee model could not compensate for the low scaling parameter as the diameter of the soot particles are large. Thus, the parameters require additional tuning the accurately capture the oxidation of active sites of surface growth.
Soot oxidation: From Figure 12 , it can be inferred that oxidation increases in magnitude with the FenimoreJones model, it also shifts to the space of high mixture fraction. The width of oxidation rate in mixture fraction space is not significantly affected. The oxidation rate is considerably under-predicted by the FGM model. Similar to surface growth, oxidation also decreases with the first aromatic species route with the FGM model.
The total soot source term, the balance of soot nucleation, surface growth and oxidation are presented in Figure 13 . It can be noted that majority of the surface growth occurs in the vicinity of the shear layer and slightly away from the center line. The net oxidation shifts upstream and increases in magnitude with the Fenimore-Jones oxidation model. Figure 13 
Soot-turbulence interactions:
The effect of soot-turbulence interaction on axial profile soot volume fraction is presented in Figure 14 . The net soot produced slightly increases with temperature and mixture fraction-based soot-turbulence interaction approach. The equilibrium approach is able to predict the location of maximum soot volume fraction but the magnitude has been overpredicted by a factor of $3. However, the instantaneous approach is able to predict the magnitude of soot volume fraction about the centerline but the location predicted to be upstream by $50 D when compared with the experimental predictions.
The shift in the upstream direction is due to over prediction of OH concentration. The over prediction of soot inception rate about the centerline results in early evolution of soot by $100 D, as observed by Kohler et al. 14 and Blacha et al. 34 They were also able to capture the magnitude of maximum soot volume fraction. They have attributed the early evolution of soot to the avoiding of soot fluctuations, a similar comment can be made for the present results as we have also utilized a presumed shape PDF for modeling the turbulence chemistry interactions. Thus, the turbulence-chemistry interactions require additional considerations. The radial profiles of soot volume fraction are presented in Figure 15 . A similar tend as predicted in the axial profiles can be observed. At x ¼ 63 mm, the profiles indicate slight over prediction of maximum soot volume fraction. The over prediction increases at x ¼ 163 mm and 213 mm due to over predication of nucleation. At x ¼ 263 mm, there is under prediction in the radial maximum soot volume fraction. It can be observed that soot formation occurs in a thinner region than the experimental measurements, while the predictions increase considerable with the mixture fraction-based approach than when compared with temperature-based approach. The computed results are in reasonable agreement with the experimental data. The computed and experimental soot volume fractions are compared in Figure 16 . Formation of soot occurs slightly earlier than experimental data. With the inclusion of soot-turbulence interactions, the soot volume fraction increases in the downstream direction and also widens in the radial direction. But both the axial and radial locations of maximum soot volume fraction are not properly reproduced. The contours of soot source terms are shown in Figure 17 . From Figure  17 (a) and (b), the mixture fraction-based approach has predicted as increase in nuclei concentration and coagulation compared to without STI and temperature-based STI. This can be due to the mixture fraction PDF ability in accurately capturing the increase in number of nuclei, due to increase in flame surface area. The temperature PDF does not capture this effect, might be due to the under prediction of rms temperature, leading to decrease in net soot production rate. The soot surface growth and oxidation source terms by both the approaches indicate increase when compared with the prediction without turbulence. The increase with temperature-based PDF approach is less than the mixture fraction PDF, as discussed earlier. The RANS-based approaches cannot capture temporal fluctuations accurately, thus the STI require additional considerations. Over the past couple of decades, soot modeling has undergone several strides in predicting the evolution of soot in combustion systems. The present models are able to accurately provide a qualitative description, sometimes quantitative as well, for soot evolution. The interactions between turbulence, chemistry and soot need to be accurately modeled for improving quantitative predictions. Higher order PAH (Poly Aromatic Hydrocarbons) may be used for modeling soot nucleation. The parameters effecting oxidation of soot have to be studied and role of oxyl radical on oxidation has to be further investigated.
Conclusions
In this work, soot formation in a C 2 H 4 /air lifted turbulent diffusion flame has been studied using two turbulence-chemistry interactions (SLF and FGM) approaches. The velocity predictions are found to be in good agreement with the experimental data. The liftoff height and flame length are reasonably predicted by both SLF and FGM models, while the radiative loss is accurately accounted by the non-gray radiation model. Soot production has been examined using two nucleation approaches, two OH concentration approaches and two oxidation approaches with SLF and FGM models. With SLF model, the two and three ring aromatic approach produce a good representation of nucleation, whereas surface growth is significantly affected by OH concentration approaches, as it turns out that equilibrium approach under-predict the OH concentration. Fenimore-Jones oxidation model reduces soot volume fraction considerably, indicating the dominance of OH radicals on soot oxidation. With FGM, the soot predictions are considerably over predicted, due to the inability of the model in capturing the mass fractions of higher hydrocarbons accurately. The mixture fraction-based STI approach indicate better estimate of soot-turbulence interactions when compared with the temperature-based approach. The SLF model with Moss-Brookes-Hall model and Fenimore-Jones oxidation model and mixture fraction STI approach is able to capture the magnitude of maximum soot volume fraction and location and is estimated to be $50 D in the upstream direction. Considerable improvement is found in location of maximum soot volume fraction when compared with previous predictions. Further considerations are required in turbulence-chemistry interactions to accurately predict percusses and oxidizing species. The infrequent soot events also require additional considerations to capture the soot-turbulence interactions.
